The Late Miocene Libros biota is a lacustrine-hosted, KonservatLagerstätte from Libros, near Teruel in northeast Spain. Adult frogs are characterized by the preservation of their soft tissues, some in histological detail. The soft tissues of the body outline are preserved as a layered structure, which comprises a central carbonaceous bacterial biofilm enveloped by the phosphatized remains of the mid-dermal Eberth-Katschenko layer, external to which is a second, thinner, carbonaceous bacterial biofilm. Bacterial autolithification is restricted to limited phosphatization of the cell margins of bacteria adjacent to phosphatized dermis. Phosphatization occurred during the late stages of decay; phosphate was sourced primarily from the dermis itself. Other tissues and organs are also defined in authigenic minerals: nervous tissue (aragonite), the stomach (calcium phosphate), and collagen fibers of the dermal stratum compactum (calcium sulphate); bone marrow is organically preserved. The disparate modes of soft-tissue preservation within individual specimens reflects development of several highly localized, chemically distinct microenvironments within the frog carcasses during decay. These microenvironments correspond to individual organs and tissues, were established at different times during decay, and varied in their duration. The preservation of soft tissues via multiple taphonomic pathways was controlled ultimately by anatomical and physiological factors.
INTRODUCTION
Exceptional faunas are invaluable paleobiological resources as they preserve evidence of nonbiomineralized soft tissues, including sclerotized unmineralized tissue (e.g., arthropod cuticle) that usually degrade completely during decay. Such exceptional preservation normally requires soft tissues to be replicated by authigenic minerals or pseudomorphed by bacterial biofilms (Wuttke, 1983a; Toporski et al., 2002) . Alternatively, biomolecules in such recalcitrant materials as plant and arthropod cuticle may transform during diagenesis to resistant, geologically stable macromolecules (Briggs, 2003) . Degradation experiments have demonstrated that exceptional preservation of more labile tissues, such as muscle, requires the generation of steep geochemical gradients in the vicinity of decaying carcasses (Briggs and Kear 1993a , 1993b , 1994a Hof and Briggs, 1997; Sagemann et al., 1999) . These gradients generate chemical conditions within, and immediately surrounding, decaying carcasses that can differ markedly from the ambient sedimentary environment in terms of ionic concentrations, pH and Eh (Sagemann et al., 1999) .
Consequently, the region within and surrounding a decaying carcass has been likened to a microenvironment within the broader depositional setting (e.g. Berner, 1969; Babcock and Speyer, 1987; Allison, 1988a;  * Corresponding author. Zhu et al., 2003; Norell and Xu, 2005; Barrett and Hilton, 2006; Raff et al., 2006) (Fig. 1A) . General variations in geochemical conditions within a decaying carcass, such as decreasing pH towards the interior (Fig. 1B) , create zones that have also been termed microenvironments (Briggs and Wilby, 1996) . As used herein, the term microenvironment refers only to highly localized, chemically distinct zones that develop within carcasses and correspond to specific anatomical features (Fig. 1C) . Experimental decay of arthropods has shown that such tissues as muscle, the hepatopancreas, gills, and nerve ganglia can be mineralized selectively (Briggs and Kear, 1993b, 1994a; Hof and Briggs, 1997; Sagemann et al., 1999) . Specific tissues can be selectively preserved in fossils: phosphatization of soft tissues can be restricted to the mid-gut glands (Butterfield, 2002) and high-fidelity organic preservation, to bone marrow (McNamara et al., 2006) . In many cases, the factors that control the development of such microenvironments are unclear. Herein, we use the example of exceptionally preserved adult frogs from the Libros biota to illustrate how specific anatomical and biochemical factors result in the establishment of such decay microenvironments. In particular, the Libros frogs provide unequivocal evidence that the composition of the authigenic minerals that precipitate in these microenvironments is controlled by the composition of the tissues themselves. In some but not all cases, the tissues themselves are the substrates on which minerals precipitate. We herein use the term substrate microfabric (sensu Wilby and Briggs, 1997) to describe microtextures formed via the precipitation of calcium phosphate directly onto decaying soft tissue (see also Briggs, 2003; Chin et al., 2003; and Briggs et al., 2005) .
GEOLOGICAL BACKGROUND
The Libros lacustrine system developed in the southern part of the Teruel Basin during the early Miocene to Pliocene and is represented by a gypsiferous sedimentary sequence (Ortí et al., 2003) . The deepest water facies is the 120-m-thick Libros Gypsum Unit (Vallesian, MN 9-10; Gautier et al., 1972) , which crops out in the Barrio de las Minas (locality of the mines), ϳ12 km southeast of Libros village (Fig. 2) . This unit comprises predominantly primary gypsum, with deposits of native sulfur and intervals of charophytic carbonate and laminated mudstone; the mudstones include thermally immature oil shales (de las Heras et al., 2003) . During deposition of the Libros Gypsum Unit, the Libros paleolake was a perennial, meromictic water body with an alkaline, slightly saline, epilimnion. The monimolimnion was permanently anoxic and sulfidic, with intense bacterial sulfate reduction in the uppermost sediment column (Anadón et al., 1992; de las Heras et al., 2003; Ortí et al., 2003) .
The exceptional biota is hosted within the deep-water laminated mudstone and comprises salamanders, frogs (adults and larvae), birds, snakes, insects, arachnids, and leaves (Navás, 1922a (Navás, , 1922b Olson, 1995; Peñ-alver, 1996) . Adult specimens of the frog Rana pueyoi (n ϭ 73) (Fig. 3) are the most abundant faunal element; their taphonomy has not been DECAY MICROENVIRONMENTS FIGURE 1-Variation in usage of the term microenvironment. A) Microenvironment defined as region within and surrounding decaying carcass. B) Microenvironment defined as zones within carcass. C) Microenvironment defined as highly localized, chemically distinct zones within carcasses that correspond to specific anatomical features; 1, 2, and 3 in C denote the stomach, small intestine, and nervous tissue, respectively. Dashed lines represent the approximate extent of the microenvironments. studied comprehensively (but see Luque et al., 1996, and McNamara et al., 2006) . The general body outline, where present, is defined by a brown, carbonaceous, bacterial biofilm (McNamara et al., 2006) ; bone marrow and collagen fibers are preserved as organic remains and replicated in calcium phosphate, respectively (McNamara et al., 2006) . Several other modes of soft-tissue preservation also occur within an individual specimen, implying the temporal and/or spatial juxtaposition of different taphonomic processes.
METHODS
The soft tissues of the frogs were analyzed using the methods described in McNamara et al. (2006) . Briefly, SEM analyses of samples (carbonor gold-coated) were undertaken using a Hitachi S-3500N microscope at an accelerating voltage of 15 kV and with acquisition times of 60 seconds for energy-dispersive spectra (EDS) of carbon-coated samples. Transmission electron microscopy (TEM) analyses of unstained resin-embedded samples used a JEOL 2000TEMSCAN operating at 80 kV, and an objective aperture diameter of 10 m. The position of any feature within a specimen is described as follows (Fig. 4) : in plan view, the term proximal refers to structures in central body regions and the proximal parts of each limb; distal, to those in the outer half of each limb; and peripheral, to those close to the edges of the body and the termini of the limbs. In vertical sections through all, or part, of the soft tissues, the term central refers to structures closer to the center, and surficial, to those closer to the surface (whether lower or upper, the way-up of each specimen is unknown). The presence or absence of each soft tissue feature could not be determined for every specimen. Hence the number of specimens used for a particular analysis, and thus the percentage of those specimens that exhibit a particular feature, is indicated in the text in parentheses; (75%, n ϭ 63) indicates that 63 specimens were used in the analysis, of which 75% exhibit the feature in question.
RESULTS AND INTERPRETATIONS

General Observations
Several soft-tissue features are evident in hand specimens. These differ in their color, texture, or location, and invariably correspond to, or are associated with, specific anatomical features. The soft-tissue features include (1) the former body outline, defined by a dark brown bacterial biofilm associated with an off-white to yellow material ( Fig. 3A-B) ; (2) white material infilling cavities in the posterior of the cranium (occiput) and the vertebral column (at large arrows in Fig. 3A) ; (3) white-to buffcolored stomach contents (at large arrow in Fig. 3B, D) ; (4) red-colored bone marrow within osteal marrow cavities (McNamara et al., 2006) ; and (5) translucent discoidal precipitates associated with the biofilm and lighter colored material (Fig. 3E ). Closer examination of the material defining the body outline demonstrates that the off-white to yellow material splits the bacterial biofilm into two layers. In vertical profile, Layer 1-the central biofilm-is enclosed by the lighter-colored Layer 2; Layer 3-the surficial biofilm-lies outside Layer 2 (Fig. 5A-C) . The relative position of the layers is consistent within and between each specimen. The continuity and extent of each layer, however, are rarely visible over an entire specimen, due to variations in the position of the plane of splitting of the slab. Each of these soft-tissue features is considered further below.
Soft-tissue Features
Bacterial Biofilm.-Layer 1 of this biofilm is fractured typically into a series of polygons (Fig. 6A) . It is thickest in the thorax and abdomen (0.2-0.5 mm thick) and thinner in the eyespots and limbs (14-20 m thick); it represents the degraded remains of the internal body contents. In 77% of specimens (n ϭ 73), Layer 1 does not define any anatomical feature. In the remainder, the eyespots are sharply delineated ellipses in which Layer 1 is notably thick and dark colored (see Fig. 3C ). Definition of the eyespots, but not other anatomical features, by the biofilm is attributed to the development of a discrete microenvironment (see Decay Microenvironments section).
Layer 3 is thin (2-5 m thick) and patchy (Fig. 6B) ; it defines the periphery of the soft tissues as a thin brown line (at small arrows, Fig.   3A -B; see also Fig. 10 ) where the dorsal and ventral surfaces of the layer are juxtaposed. In plan view, Layer 3 often exhibits a distinctive texture of closely spaced, polygonal to circular areas, each 120-175 m diameter, inside which the layer is very thin or absent (Fig. 6B) . Their size and distribution indicates that these areas define the former positions of dermal mucus glands. Layer 3 is, therefore, interpreted as the degraded remains of the epidermis or stratum spongiosum of the dermis.
Layers 1 and 3 comprise densely packed, carbonaceous bacteria associated with extracellular polymeric substances (EPS) (Fig. 6C-E) . As in modern biofilms (Fratesi et al., 2004) , EPS are most common at, and towards, the outer margins of the biofilm. This probably reflects the role of EPS in buffering the bacteria from the effects of fluctuations in ambient environmental conditions (Westall and Rincé, 1994) . Most bacteria are one of two types. Type A are small spheres (0.4-0.55 m diameter) that form chains of up to 9 individuals and can be associated with large quantities of EPS (Fig. 6C, inset) . Type B are larger (0.75-1.2 m diameter), ovoid, do not form chains, and are associated rarely with EPS (Fig. 6D) . The size of both morphotypes lies within the range exhibited by most modern bacteria (0.5-2 m; Liebig, 2001) . The fossil bacteria occur in size-specific layers (Fig. 6E ). Surficial levels of Layer 1 comprise Type A bacteria; Layer 3 and the central levels of Layer 1 comprise Type B bacteria. Partitioning of bacteria into layers according to cell size or morphology has been reported from other fossil biofilms (Liebig, 1998; Briggs et al., 2005) and is probably ecological in origin. Modern bacterial mats and biofilms can exhibit complex internal layering of different bacterial species (Marsh and Bowden, 2000) . Alternatively, the morphology of an individual species can be influenced by environmental conditions (Siefert and Fox, 1998) . Either scenario implies heterogeneous conditions within the biofilm that pseudomorphed the outline of the decaying carcass.
Both bacteria and EPS are composed primarily of C and S (Fig. 5D ), which has been attributed to a high abundance of organosulfur compounds (McNamara et al., 2006) . Trace amounts (as indicated by EDS spectra) of Zn are also present locally in the biofilms (Fig. 5D) ; Zn readily associates with organic compounds (Knochel, 2004) .
Bacteria in the central parts of Layer 1 are uniformly electron-lucent, of similar electron density to the embedding resin, and not associated with authigenic minerals (Fig. 6F) . These bacteria exhibit a subtle surficial botryoidal texture comprising closely packed domes (each ϳ20 nm diameter; Fig. 6G ) that show low relief. Many modern bacteria exhibit a similar surficial texture (e.g., see Ishii et al., 2004) . The bacteria in Layer 3 and the surficial 2-5 m of Layer 1 exhibit more pronounced surficial botryoidal textures comprising closely packed domes of varying relief and size (20-100 nm diameter), producing an irregular cell outline (Fig.  6H ). The domes are superimposed by smaller structures, each ϳ10 nm diameter (Fig. 6H, inset) . Notably, in TEM images only these bacteria possess a 20-80 nm thick, semicontinuous, electron-dense margin. This comprises agglomerations of discrete electron-dense granules or microcrystals. Their precise morphology could not be resolved; each is ϳ10 nm in diameter (Fig. 6I ). EDS spectra of these bacteria show significant peaks for Ca and P in addition to those for C and S; variation in their electron density is attributed to their having phosphatized margins and carbonaceous interiors. This electron-dense margin probably defines the periplasmic space of the bacterial cell wall, a prime site for the precipitation of calcium phosphate (Hirschler et al., 1990) . Occasionally, the electron-dense margin is thicker, up to 80 nm thick, and more continuous PALAIOS MCNAMARA ET AL. DECAY MICROENVIRONMENTS (Fig. 6I, inset) , with the highest electron density at, or close to, its external surface; both the internal, and external surfaces of this electron-dense layer can exhibit botryoidal textures. Such textures indicate the development of secondary centers of calcium phosphate nucleation (Benzerara et al., 2004) beyond the periplasmic space-in this case, on the external and, especially, internal surfaces of the cell wall. In these bacteria the pronounced botryoidal texture, therefore, reflects the pattern of mineral precipitation and is not an original biological texture.
Layer 2.-Layer 2 varies from 11 to 30 m thick and can extend over the entire body margin (i.e., to the inner surface of Layer 3; Fig. 3B ). In 44% of specimens (n ϭ 61), the layer has a distinctive honeycomb-like texture ( Fig. 7A-B ). This is defined in part by closely spaced (3-4 per mm 2 ) perforations of the layer, each 50-70 m in diameter. These have convex sides and expose the underlying bacterial biofilm of Layer 1, where the external surface of Layer 2 is uppermost (Fig. 7B) or Layer 3, where the internal surface of Layer 2 is uppermost (Fig. 7G) . The honeycomb texture also comprises larger, circular to ovoid features, each 160-280 m in diameter, that appear as depressions on the externalfacing surface of the layer (Fig. 7B, inset) , and as domes on its internalfacing surface (Fig. 7G ). These features have near-vertical slopes and rarely perforate the layer. The fidelity of preservation of the honeycomb texture varies between and within specimens. The texture is defined best in, and in most specimens restricted to, the thighs and calves. Where the texture is well preserved, Layer 2 is brittle, translucent, and off-white to yellow ( Fig. 7A-B) ; where the texture is absent, Layer 2 is powdery, friable, opaque, and a bright white color (Fig. 7C ). There is a spectrum of intermediate preservational states (e.g., Fig. 7D ).
Layer 2 comprises densely packed, subspherical, aggregated crystallites of calcium phosphate, each 0.3-0.6 m in diameter ( Fig. 7E-F) . Where the honeycomb texture is well preserved, the aggregates possess many point-to-point contacts and define closely spaced, sinuous, three-dimensional fibers, each 1-2 m wide and up to 100 m long ( Fig. 7E-G) . The fibers form a three-dimensional network that is apparent within, and on the internal-facing surface of, Layer 2 ( Fig. 7E-G) . The externalfacing surface of the layer is defined sharply and exhibits shallow, winding grooves spaced 5-10 m apart; individual crystal aggregates are indistinct (Fig. 7H, inset) . Where the honeycomb texture is poorly defined or absent, the crystal aggregates possess few point-to-point contacts, are randomly orientated, and form a structureless layer.
The position of Layer 2-internal to the degraded remains of the epidermis or upper dermis (Layer 3)-and its extent over the entire former body outline, indicate that the layer represents the remains of mid-to lower dermal tissue. The dermis of most modern anurans comprises an upper dermal stratum spongiosum-glands and pigment cells loosely surrounded by collagen fibers-and a lower dermal stratum compactum-a dense matrix of collagen and glycosaminoglycans (GAGs) (Lacombe et al., 2000) (Fig. 8) . In terrestrial anurans, an additional, mid-dermal, Eberth-Katschenko (E-K) layer-collagen fibers associated with interstitial GAGs and granular calcium phosphate-is present; it functions in mineral homeostasis, in mechanical protection, and as a defence against dessication (Elkan, 1968) . Layer 2 is interpreted as the fossilized E-K layer of frog dermis based on the following: (1) its fibers are of similar size to the dermal collagen fibers of modern frogs (0.5-2 m in diameter; Elkan, 1968) ; (2) the thickness of Layer 2 (11-30 m) is within the range of thicknesses exhibited by the E-K layer (5-30 m; Azevedo et al., 2004) ; (3) Layer 2 is consistently thinnest in the thorax and abdomen, where the E-K layer can be highly reduced (Elkan, 1968) ; (4) the external-and internal-facing surfaces of Layer 2 are sharply defined and irregular, respectively; the sharply defined external-facing surface of the E-K layer contrasts with its indistinct base, where superficial collagen fibers of the underlying stratum compactum interleave deeply with the E-K layer (Elkan, 1976) ; (5) the external-facing surface of Layer 2 exhibits rounded pits of similar diameter and density to those in the E-K layer in modern frogs, where it is depressed by granular glands of the stratum spongiosum (see Schwinger et al., 2001 ); and (6) the perforations of Layer 2 are similar in diameter and geometry to the centrifugal pillars of the dermis. The latter are vertically orientated bundles of collagen fibers that connect the stratum spongiosum to the stratum compactumthat is, they perforate the E-K layer and are separated from it by a membrane (Elkan, 1976; Azevedo et al., 2004) . Superimposed upon the above, and irrespective of the fidelity of preservation of the honeycomb texture, are alternating grooves and ridges in Layer 2 ϳ100 m apart (Fig. 7D) . These are interpreted as a taphonomic artefact derived during wrinkling of the skin, probably due to collapse of the carcass following degradation of the internal soft tissues.
White Material in the Occiput and Vertebral Column.-In 72% of specimens (n ϭ 71), the occipital region of the cranium is infilled by a white friable material; in 25% this also occurs inside the vertebral column (Figs. 3A,C, at large arrows). The material comprises euhedral and prolate crystals of calcium carbonate that can be orientated randomly or subparallel to each other (Fig. 9A) . The crystals are probably aragonitic; a strong strontium peak is present in EDS spectra. These masses of calcium carbonate are interpreted as authigenic precipitates and define the former position of the brain and nerve cord.
Stomach Contents.-In 61% of specimens (n ϭ 71), stomach contents are present (Fig. 3B , at large arrow). These typically comprise overlapping mollusk shell fragments (32 specimens; Fig. 3D ) or a buff-colored material of irregularly shaped granules of calcium phosphate (27 specimens; Fig. 9B ); both occur in 16 specimens. At the margins, shell fragments are often inclined to bedding and the buff-colored material is sharply delineated, indicating that both define the original stomach margins. The phosphatic granules are interpreted as an authigenic precipitate (i.e., void fill of the stomach). The stomachs of single specimens also include Ruppia seeds, sponge spicules, the semi-articulated vertebral column of a larval anuran, fragments of arthropod cuticle, and rare patches of layered, densely packed fibers (each 1-2 m in diameter) replicated in calcium phosphate (Fig. 9C) . The last of these may represent fragments of ingested tissues (as in fish from the Cretaceous Santana Formation; Wilby and Martill, 1992) .
Bone Marrow.-Bone marrow is preserved in 10% of specimens (n ϭ 73) and, in each, occurs throughout the skeleton. The preservation of the marrow is discussed in detail by McNamara et al. (2006) ; in summary, it is preserved as a sulfur-rich, organic residue and retains the original red and yellow coloration typical of hematopoietic and fatty bone marrow, respectively.
Translucent Discoids.-In 36% of specimens (n ϭ 73), translucent crystalline discoids (70-120 m in diameter; 5-10 m thick) occur at the boundary between Layers 1 and 2 (Figs. 3E, 9D-F). The discoids can be localized or occur over the visible extent of soft tissues. Each discoid comprises platy crystals of calcium sulfate arranged radially in the horizontal plane (Fig. 9F ). This crystal habit is characteristic of gypsum growth in aqueous media rich in dissolved organic compounds (Aref, 1998) . Rare Type A bacteria and abundant spherical voids (0.5 m in diameter) can be present (Fig. 9F, inset) . The latter probably represent the molds of bacteria that decayed after being entombed by the growing crystals. Similar microbial molds have been described in sulfide minerals in association with polychaete worm tubes (Maginn et al., 2002) , within Neogene gypsum deposits (Schreiber and El Tabakh, 2000) , and within authigenic minerals replicating soft tissues (Briggs et al., 1993) .
In 69% of specimens (n ϭ 26) the discoids are randomly distributed and form a spotted texture (Fig. 9D) . In the remainder, the discoids define up to three sets of subparallel lineations (Fig. 9E, 10 ) that are most obvious in the hindlimbs. The angle between the two more prominent sets is 23Њ to 35Њ; the angle between the first of these, and the weakly developed third set, is ϳ90Њ. The lineations most likely define fibrous tissues of, or immediately internal to, the lower dermis. Muscle fibers in the hindlimbs of modern anurans are orientated subparallel to the long axes of the bones. Collagen fibers in the lower dermal stratum compactum, however, typically form a dense, cross-ply meshwork. The lineations in the fossils, therefore, most likely define, albeit crudely, the geometrical arrangement of collagen fibers in the stratum compactum. In central body regions of modern anurans, the angle between fibers can range between 50Њ and 80Њ (Schwinger et al., 2001) . The lower values in the fossils could reflect variation in the angle between fibers in different body regions, as occurs in reptiles (Lingham-Soliar, 2008) , or be a taphonomic artefact (Lingham-Soliar, 1999) . The width of each lineation is at least an order of magnitude greater than that of a single collagen fiber; individual lineations define the positions of bundles of collagen fibers. Extensive decay of the fibers would disrupt their regular arrangement; precipitation of calcium sulfate upon these would generate a more random distribution of discoids.
DECAY MICROENVIRONMENTS
The most obvious feature in the Libros frogs is the reduction of the soft tissues to a near two-dimensional bacterial biofilm. During this process, several discrete microenvironments developed within each carcass. These formed at different stages of decay, on tissue-level to organ-level scales, and varied in their duration (Fig. 11) . Microenvironments developed within neural tissue, the stomach, the marrow cavities, the middermis, the lower dermis, and the eye capsules. The last of these did not involve authigenic mineral precipitation or the replication of soft tissues, but resulted in preservation of the original outline of the eyes despite the (near-) total bacterial consumption of all other cranial soft tissues. Of frog specimens with soft tissues (n ϭ 63), 13% show evidence for one of the decay microenvironments; 35% show evidence for two; 24%, for three; 18%, for four; and 10%, for five microenvironments; none show all six microenvironments.
Neural Tissues
Calcium carbonate commonly precipitates within voids created by decay of soft tissues Wilby et al., 1996a; Hof and Briggs, 1997; Perrier et al., 2006) . In fossils, it can be restricted to cavities occupied formerly by nervous tissue, as, for example, the brain cavity of fossil fish (Moodie, 1920) and squid (Briggs and Wilby, 1996) and the neural canals of a thyreophoran dinosaur (Martill et al., 2000) . Nerve ganglia were preserved, probably in calcium carbonate, during the experimental decay of stomatopod crustaceans (Hof and Briggs, 1997) . This recurrent association of calcium carbonate and the cavities or tissues of neural regions suggests a tissue-specific control upon its precipitation. Ca ϩ2 is crucial to the transmission of nerve impulses (Rowland, 2005) ; nervous tissue, therefore, contains abundant calcium-binding enzymes (Edmonds et al., 2000) . Many calcium-binding enzymes are involved in nerve growth and regeneration (Yin et al., 2006) ; amphibians are capable of significant neural regeneration (Sato and Inoue, 1967) . The brain and nerve cord of modern amphibians exhibit greater extracellular Ca ϩ2 concentrations than many other vertebrates (Chvátal et al., 1988) . These sources of abundant Ca ϩ2 would account for the selective precipitation of calcium carbonate in neural cavities during decay. Precipitation would also have been promoted by the mode of autolysis of nervous tissue. Nervous tissue normally liquefies completely within a few days after death (Gill-King, 1997); this extremely rapid decay would make preservation of the tissue itself unlikely but would inundate neural cavities with bicarbonate ions, further favoring carbonate precipitation. Diffusion of Ca ϩ2 and HCO 3 Ϫ2 out of the neural cavities and canals would have been inhibited initially by the triple-layered membrane that surrounds nervous tissues and, in the case of the neural cavity, by its being encapsulated PALAIOS MCNAMARA ET AL. FIGURE 10-Light micrograph (A) and interpretative line drawing (B) of the inner calf of MNCN 63663 showing extensive skin and abundant gypsum discoids (small dark spots) that are organized into three sets of subparallel lineations; sets 1 and 2 are well defined; set 3 is less well defined; note definition of body margin in A by thin dark brown line, i.e., Layer 3 (arrow).
FIGURE 11-Schematic timeline illustrating approximate timing and duration of geochemical microenvironments within the frog carcasses during decay; grey fill indicates sulfurization.
within a skeletal framework. Nonetheless, the microenvironment conducive to precipitation of calcium carbonate within the neural tissue is likely to have been short-lived and restricted to the early part of the decay history of the frogs.
Stomach
Calcium phosphate deposits recur in the guts and stomachs of fossil animals: e.g., in the guts of fish from the Mesozoic Monte San Giorgio, Posidonia Shale and Solnhofen faunas (Bottjer et al., 2002) and the arthropod Offacolus kingi from the Silurian Herefordshire fauna (Orr et al., 2000) . Calcium phosphate can even replicate stomach contents . This suggests some biological control upon its precipitation. The stomach of most vertebrates is highly acidic-frog stomach acid is typically less than pH 4.85 (Bradford and Davies, 1950)- and separated from the remainder of the body cavity by a tough, multilayered wall and two muscular sphincters. These factors, combined with high ambient concentrations of organic matter (OM)-a source of PO 4 Ϫ3 during decay-and hydrolytic enzymes, make the stomach ideal for diagenetic precipitation of calcium phosphate. The stomach is among the first organs to decay postmortem due to the large quantity and variety of hydrolytic enzymes present (Gill-King, 1997). Preservation of the original dimensions of the stomach in the Libros frogs, therefore, indicates that precipitation of calcium phosphate inside it occurred rapidly during the initial stages of decay.
Marrow Cavities
Preservation of bone marrow reflects the protective nature of the osteal microenvironment and the incorporation of sulfur into organic molecules DECAY MICROENVIRONMENTS within the tissue during early diagenesis (McNamara et al., 2006) . In particular, the very small diameter (Ͻ50 nm) of osteal pores inhibited microbial infiltration of the marrow cavities but facilitated diffusion of ions between the cavities and the external environment (McNamara et al., 2006) . Bone marrow is extremely labile (Custer, 1974) , and these fossil examples are very well preserved. Sulfurization of compounds within the bone marrow-hence, arresting or at least retarding the decay process-is, therefore, likely to have commenced very soon postmortem but could have persisted for at least several hundred years (Sinninghe Damsté et al., 2006 (Briggs and Kear, 1993a, 1993b) ; in general, conditions within a decaying carcass are, therefore, not conducive to precipitation of calcium sulfate. SO 4 Ϫ2 was abundant in the waters of the Libros lake (de las Heras et al., 2003) ; the monimolimnion is, however, unlikely to have been the main source of SO 4 Ϫ2 , as calcium sulfate discoids do not occur on the external surface of the preserved skin. Instead, SO 4 Ϫ2 was probably sourced primarily from integumentary sulfated GAGs. These compounds are abundant in the skin of modern adult Rana (Dapson, 1970) -they comprise 75% of the total GAGs (Lipson and Silbert, 1968 )-and are chemically bound to collagen fibers. Sulfated GAGs would, therefore, have been abundant in the E-K layer and, especially, the stratum compactum.
If concentrations of CO 3 Ϫ2 and HCO 3 Ϫ are high, calcium sulfate can precipitate provided the pH is less than 6.38 (the solubility product of calcium carbonate) (Marshall and Fairbridge, 1999) . Low pH can develop locally within decaying carcasses (Briggs and Wilby, 1996) due to liberation of the acidic byproducts of decay-for example, H 2 S and organic acids (Briggs and Kear, 1993a, 1993b; Sagemann et al., 1999) . It is envisaged that a zone of depressed pH developed within the stratum compactum after outwards diffusion of acidic bacterial metabolites from the internal biofilm and, especially, degradation of GAGs-which yields acidic byproducts (Williams and Cusack, 1996) -in the stratum compactum itself. The high concentrations of Ca ϩ2 required were probably achieved via diffusion from other decomposing organic material in the carcass, particularly the bacterial biofilm. Partially degraded collagen is an ideal substrate for absorption of Ca ϩ2 (Du et al., 1999) ; initial decay of collagen in the stratum compactum would have promoted nucleation of calcium sulfate on the collagen fibers.
Eye Capsules
The development of this microenvironment reflects the physical structure of the eye. Vertebrate eyes are enveloped by the sclera, a dense fibrous viscoelastic layer of connective tissue that protects the optic contents from external trauma (Rada et al., 2006) . In frogs, the sclera is subdivided into collagenous (inner) and cartilaginous (outer) layers (Beach and Jacobsen, 2005) . These are recalcitrant tissues (Briggs and Kear, 1994b) and would have inhibited microbial infiltration of the eye cavity. Degradation of other, more decay-prone soft tissues in the cranium (e.g., the large muscular tongue) would have been more rapid, leaving the eye spots as isolated outliers of bacterial biofilm. Notably, the collagenous layers of the sclera itself are not preserved (see Mid-dermis below).
Mid-dermis
Collagenous tissues are commonly, and often selectively, replicated in authigenic calcium phosphate (Martill and Unwin, 1989; Martill, 1990; Wilby, 1993; Briggs and Kear, 1993b, 1994a; Wilby et al., 1996b; Hof and Briggs, 1997; McCobb et al., 2004; Wilby et al., 2004) . In the Libros frogs, only collagen of the mid-dermal E-K layer is replicated in calcium phosphate. This selective phosphatization is attributed to several factors that are discussed in detail below.
Inherent Recalcitrance of the Integument.-Vertebrate integument is a resilient multilayered material that shields against environmental and physical stress. In modern frogs, the thick, dense, meshwork of collagen fibers in the stratum compactum provides mechanical strength. Collagen is also inherently resistant to most proteinases (Chung et al., 2004) . Secretions of upper dermal serous glands include maganins: peptides that destroy or permeate the cell membrane of various microorganisms (Lacombe et al., 2000) . These compounds remain active after death of the frog (Lacombe et al., 2000) and, thus, enhance the preservation potential of the skin by inhibiting postmortem microbial decay. Experimental decay of the frog Rana ridibunda demonstrated that the skin remains intact for at least 56 days after death, by which time the entire contents of the body cavity have decayed (Wuttke, 1983b) . The E-K layer of the skin is particularly recalcitrant: modern frog specimens stored in fixative can retain histological fidelity of the layer for several decades, despite loss of all cellular detail elsewhere in the skin (Elkan, 1976) . It is not, therefore, necessary to invoke mineralization of dermal collagen fibers early in the decay process. Mineralization could have occurred later, potentially after decay of all other soft tissues. Early mineralization of the skin would have produced a rigid structure that would probably have fractured extensively as a result of collapse of the internal soft tissues. The absence of such fractures and the presence of fine-scale wrinkling in Layer 2 imply that collapse of the internal tissues occurred before mineralization of the E-K layer.
Source of PO 4 Ϫ3 .-Replication of soft tissues in calcium phosphate can be promoted by external or internal sources of PO 4 Ϫ3 (i.e., the sediment and water column, and the decaying carcass, respectively). The phosphatization of soft tissues in organic-rich, dysoxic to anoxic sediments deposited in restricted basins is usually attributed to the presence of high sedimentary concentrations of PO 4 Ϫ3 (Wilby and Whyte, 1995) . The latter can be generated in various ways. PO 4 Ϫ3 or P can be released from organic molecules such as phospholipids, ATP, and nucleotides during microbial degradation of disseminated sedimentary OM (Lucas and Prevôt, 1985) . Biogenic apatite (i.e., skeletal material, particularly that of fish) can be dissolved (McCobb et al., 2004; Wilby et al., 1996b) . PO 4
Ϫ3
can be fixed inorganically in microbial mats at the sediment-water interface (Wilby et al., 1996b) . PO 4 Ϫ3 dissolved from an oxygenated water column can be adsorbed to FeOOH and released to sedimentary pore waters (redox cycling of P) upon reduction of FeOOH by iron-reducing bacteria (Wilby et al., 1996b) . PO 4 Ϫ3 can also be liberated upon the chemical degradation of alkali ashes from volcanic sources (Gaupp and Wilke, 1998) .
The depositional context of the Libros frogs is similar to that of many other localities that yield phosphatized soft tissues and only surficial soft tissues are replicated in calcium phosphate. These features would be consistent with the derivation of PO 4 Ϫ3 from the sediment (Wilby and Briggs, 1997) . There is, however, no obvious sedimentary source. Iron minerals are rare in the Libros laminated mudstones; release of P into the water column via Fe-P redox cycling was, therefore, limited. There is no evidence for volcanic minerals or benthic microbial mats. Other vertebrate skeletal elements, a potential source of PO 4 Ϫ3 , are rare but invariably well preserved; sedimentary biogenic apatite was not an important source of PO 4 Ϫ3 . The only potential source of PO 4 Ϫ3 in the sedimentary environment was, therefore, disseminated OM. Sourcing of PO 4 Ϫ3 from disseminated OM and its recycling within an acidic monimolimnion has been invoked to explain phosphatization of soft tissues and biofilms in other lacustrine-hosted exceptional faunas (Donovan, 1980; Wuttke, 1983a) . In detail, however, PO 4 Ϫ3 distributions in the Libros frogs and the adjacent sediment are not consistent with such an external source.
Diffusion of PO 4
Ϫ3 from the sediment into the frog carcasses would leave the sediment immediately adjacent to the fossils depleted in PO 4 Ϫ3 (Briggs, 2003) . Sedimentary PO 4 Ϫ3 concentrations in the laminated mudstones, however, are not consistently lower immediately adjacent to the fossils. Significant contributions of PO 4 Ϫ3 from the sediment should have resulted in the bacteria pseudomorphing the upper levels of the integument (Layer 3) being mineralized, probably to an even greater extent than the dermal collagen fibers. In contrast, only bacteria immediately adjacent to the phosphatized remains of the E-K layer exhibit limited phosphatization. Where a sedimentary source of PO 4 Ϫ3 dominates, phosphatization of skin can be restricted to one surface of the specimen, that in contact with the sediment, as occurs in pterosaurs from the Cretaceous Santana Formation of Brazil (Martill and Unwin, 1989) . Dermal collagen fibers of the E-K layer, however, are preserved similarly on both the dorsal and ventral surfaces of specimens.
PO 4 Ϫ3 must, therefore, have been sourced from within the frog carcasses. Potential sources are PO 4 Ϫ3 liberated by the dissolution of bone and via decay of soft tissues and bacteria. The bones of the Libros frogs are preserved in three dimensions and exhibit no evidence for dissolution, such as pitting. The soft tissues of an organism, in particular tissues that have been degraded completely (Wilby and Whyte, 1995) , can yield PO 4
Ϫ3 (Briggs and Kear, 1993b, 1994a; Hof and Briggs, 1997) . Massbalance equations indicate that the PO 4 Ϫ3 content of those tissues internal of the skin would have been insufficient to mineralize the dermal collagen fibers (see Supplementary Data 1 ). The endogenous bacterial biofilm is unlikely to have contributed significant PO 4 Ϫ3 , as the release of P by bacteria is favored under oxic conditions (Gächter and Meyer, 1993) . Further, if the bacteria were the main source of PO 4 Ϫ3 , phosphatized bacteria would be widespread within the biofilm; instead, such bacteria are rare and only occur immediately adjacent to the dermis.
Calcium phosphate also occurs as a void-fill of the stomach of the frogs. There is no evidence in the form of phosphatized tissues or bacteria adjacent to the stomach suggesting that PO 4 Ϫ3 diffused beyond the stomach wall.
Phosphatized collagen is restricted to the mid-dermis of the Libros frogs. Collagen, however, is the primary component of many tissuesfor example, the lower dermis, ligaments, tendons, cartilage, the inner layer of the sclera, and the walls of internal organs and blood vessels. The biochemistry of collagen cannot, therefore, be the critical controlling factor.
By process of elimination, therefore, phosphatization of the dermal collagen fibers must reflect the composition of the E-K layer of the skin itself. In modern frogs, this layer contains abundant granules of calcium phosphate; no other component of the skin is rich in PO 4 Ϫ3 . Calcium phosphate concentrations in the E-K layer of modern frogs exhibit marked variation between, and within, species (Elkan, 1968) , but the dry mass of the skin as a whole can comprise up to 28.3 wt% Ca (as calcium phosphate), corresponding to a calcium phosphate concentration of 73.1% (Elkan, 1968) . The total thickness of the skin and the relative thickness of the E-K layer cannot be determined for the Libros frogs. The maximum thickness of the E-K layer in the Libros frogs is 30 m, the same as that of modern terrestrial ranids; therefore, it is possible that the calcium phosphate concentration was at the upper end of the range exhibited by modern ranids. Mass-balance equations indicate that an integumentary calcium phosphate concentration of 63 wt% would have been sufficient to account for mineralization of the dermal collagen fibers in the Libros frogs (see Supplementary Data 1 ). The granules of calcium phosphate within the E-K layer are an obvious source of Ca ϩ2 and PO 4 Ϫ3 , which would have been incorporated into authigenic calcium phosphate that replicated only the surrounding collagen fibers of the E-K layer and, in part, immediately adjacent bacteria. This extremely localized precipitation of calcium phosphate also explains the absence of other collagenous substrates preserved in a similar manner, most notably the collagenous centrifugal fibers that pass through, but are separated by a membrane from, the E-K layer. The fidelity of preservation of collagen fibers is notably 1 www.paleo.ku.edu/palaios higher in the E-K layer than in the subjacent stratum compactum. This indicates that replication of the mid-dermal collagen fibers occurred before precipitation of the calcium sulfate discoids in the stratum compactum.
Collagen as a Substrate for Calcium Phosphate Nucleation.-Collagen has a remarkable propensity to not only act as a substrate for, but actively induce, apatite precipitation (e.g., Du et al., 1999) . This reflects the unusual amino acid profile of the collagen molecule. Unlike other proteins, cysteine and tryptophan are absent and proline, hydroxyproline, and glycine are abundant (Berg, 2002) . The last three compounds make up the bulk of skin collagen in ranids (Sai and Babu, 2001 ) and each contains hydroxyl (OH) groups that are deprotonated (i.e., negatively charged) above pH 5.97-6.3. As precipitation of calcium phosphate is favored when pH is below 6.38 (Briggs, 2003) , there is a range of pH values over which deprotonation and calcium phosphate precipitation both occur. OH groups are conducive to (Pisanec et al., 2004 )-and possibly a prerequisite for (Svetina et al., 2001 )-adsorption of Ca ϩ2 onto and within collagen fibers. Subsequent adsorption of PO 4 Ϫ3 is promoted by the stereo-and electrochemical arrangement of side chains in the collagen molecule (Du et al., 1999) .
Initial decay of collagen increases the abundance of hydroxyproline relative to other amino acids (Stanton and Light, 1987) . Paradoxically, as hydroxyproline contains twice as many OH groups as proline and glycine, partial decay of collagen, therefore, increases its ability to adsorb Ca ϩ2 . Bacterial collagenases-relative to those indigenous to vertebrates-are particularly efficient at breaking hydrogen bonds in collagen (Lawson and Czernuska, 1998) , creating additional sites for mineral nucleation (Carson, 1991) . In addition, decay of OM liberates Ca ϩ2 (and PO 4 Ϫ3 ), accelerating the rate of apatite nucleation (Kokubo, 1998) . Hence, the initial decay of collagen can enhance its preservation potential.
Inhibition of Carbonate Precipitation.-Both calcium carbonate and calcium phosphate often precipitate in association with decaying soft tissues (Briggs and Kear, 1993a , 1993b , 1994a Sagemann et al., 1999) . Calcium phosphate often replicates tissues with histological fidelity (e.g., Wilby and Briggs, 1997) , but calcium carbonate rarely preserves morphological detail (Briggs and Wilby, 1996; but see McCobb et al., 1998) . High-fidelity replication of soft tissues, therefore, requires the incorporation of calcium into carbonate phases to be inhibited. Even in environments supersaturated with respect to calcium phosphate (e.g., marine environments; Briggs and Wilby, 1996) , precipitation of calcium carbonate is favored by kinetic factors and by high ambient concentrations of microbially generated bicarbonate ions (Allison, 1988b) . Carbonate precipitation is inhibited by a pH of less than 6.38 (Briggs, 2003) or very high PO 4 Ϫ3 concentrations (Sagemann et al., 1999) . It is difficult to constrain the environmental conditions under which the frog carcasses were deposited. The presence of both carbonate laminae and bioclasts in the laminated mudstones of the Libros sequence implies that the pH of the monimolimnion is unlikely to have been very low. Nonetheless, as monimolimnetic bacterial sulfate reduction was intense (Anadón et al., 1992 ) and sedimentary Fe rare, pH buffering via iron sulfide formation (Sagemann et al., 1999) was limited. It is likely that the monimolimnion may have been slightly acidic, thus favoring calcium phosphate precipitation within the fossils. Even if monimolimnetic pH exceeded 6.38, and despite liberation of HCO 3 Ϫ during decay (favoring carbonate precipitation), pH would have been depressed inside and surrounding the frog carcasses due to the liberation of H 2 S, CO 2 , and fatty acids (Briggs and Kear 1993a, 1993b; 1994a) . More importantly, however, the high local abundance of Ca ϩ2 and PO 4 Ϫ3 ions in the middermis (released during initial decay of the E-K layer) may, on its own, have been sufficient to preclude calcium carbonate precipitation.
PARTIALLY PHOSPHATIZED BACTERIA
The restriction of bacterial autolithification in the Libros frogs to those cells immediately adjacent to phosphatized dermal collagen fibers indicates that the E-K layer was the primary PO 4 Ϫ3 source. Preferential nucleation of calcium phosphate in the periplasmic space of the bacterial DECAY MICROENVIRONMENTS cell wall would have been facilitated by the association of abundant Ca ϩ2 with the highly electronegative bacterial cell wall (Soudry, 2000) and the presence of abundant PO 4 Ϫ3 liberated by the enzyme alkaline phosphatase (Beveridge et al., 1983) . Ca ϩ2 would have been abundant in the biofilms in the frog carcasses due to its liberation from decaying OM. Limited quantities of PO 4 Ϫ3 diffused from the decaying E-K layer into the supraand subjacent bacterial biofilms, promoting precipitation of calcium phosphate within the walls of bacterial cells immediately adjacent to the E-K layer itself. More extensive phosphatization of individual bacterial cells could have been precluded by the limited quantities of PO 4 Ϫ3 available. Death of the bacteria could have occurred following the onset of sulfurization of their cellular compounds. Complete sulfurization of biological compounds within the biofilm would have required at least several hundred years (Sinninghe Damsté et al., 2006) . In the interim, the walls of the dead cells could have remained suitable sites for calcium phosphate nucleation; while the cell contents remained fluid, precipitation of calcium phosphate may have extended beyond the cell wall into the cell interior.
CONCLUSIONS
Models of Soft-Tissue Phosphatization
Patterns of soft-tissue phosphatization in the Libros frogs suggest that the temporal, sedimentological, and geochemical windows for highfidelity phosphatization of soft tissues may show more tissue-or taxonspecific variability than previously envisaged. The replication of small volumes of soft tissue in calcium phosphate typically results from the liberation of PO 4 Ϫ3 from the carcass itself during decay, often from tissues that were degraded completely and, therefore, not preserved (Wilby and Whyte, 1995) . The primary source of PO 4 Ϫ3 for mineralization of mid-dermal collagen fibers in the Libros frogs, however, is more localized-the tissue itself was the primary PO 4 Ϫ3 source. Preservation of highly labile tissues with a high degree of morphological fidelitythat is, as a substrate microfabric (sensu Wilby and Briggs,1997)-usually reflects rapid postmortem mineralization (Martill, 1989; Wilby and Briggs, 1997) ; microbial microfabrics (i.e., definition of the gross morphology of specific tissues by bacteria) are typically associated with extensive decay (Wilby and Whyte, 1995; Wilby and Briggs, 1997) . Phosphatized collagen fibers in the Libros frogs are preserved as a substrate microfabric that formed during the late stages of decay, after necrolysis of the internal body contents; microbial microfabrics are notably absent. Other investigations indicate that collagenous tissues are usually preserved as a substrate microfabric, even when associated tissues are preserved as microbial microfabrics (Wilby et al., 2004) . The microtexture of phosphatised collagenous tissue is, therefore, not a reliable indicator of the source of PO 4 Ϫ3 . Instead, certain tissues are predisposed towards preservation as a substrate microfabric (Wilby and Briggs, 1997) . In the case of collagen, this is largely due to its high recalcitrance (fidelity is retained during initial decay) and its being an ideal substrate for phosphate nucleation.
Finally, high-fidelity replication of soft tissues in calcium phosphate is favored by the presence of a diffusion-limiting seal that envelops the carcass in order to generate closed conditions and facilitate pH decrease (Briggs and Kear, 1993a) . Examples of potential seals include sedimentary microbial mats (Seilacher et al., 1985; Briggs et al., 1993; Wilby et al., 1996b) and mineralized carapaces (Briggs et al., 2005) . There is no evidence, however, for benthic microbial mats in the laminated mudstones that host the frog specimens. The skin of the frogs could have generated a sealing effect during the early stages of decay; its partial degradation would, however, have greatly reduced its effectiveness as a seal well before mineralization of the dermal collagen fibers took place. The patchy, 5m-thick surficial biofilm of Layer 3 is unlikely to have been sufficiently thick or continuous to play a significant role in sealing the carcass.
Patterns of Decay and Preservation
Exceptionally preserved frogs from Libros are characterized by disparate modes of soft-tissue preservation within individual specimens. In each specimen, the body outline is defined (in whole or part) by a bacterial biofilm. In addition, each exhibits evidence for at least some of the following: definition of the eyespots by a bacterial biofilm, definition of specific organs and tissues by authigenic minerals, high-fidelity phosphatization of soft tissues, and preservation of soft tissues as organic remains. These patterns of soft-tissue preservation and mineral authigenesis reflect the development of distinct geochemical conditions within carcasses at different stages of their decay. The size-specific layering of the biofilm bacteria and variation in the concentration of EPS within the biofilm imply subtle variations in environmental conditions within the decaying carcasses. The close juxtaposition of different authigenic minerals within the preserved dermis reflects the establishment of complex geochemical microenvironments within the decaying skin. The selective phosphatization of bacterial cell walls demonstrates how geochemical conditions can vary on a subcellular level. Collectively, the biological factors responsible for the development of the microenvironments are (1) tissue recalcitrance, (2) tissue structure, (3) the rate of enzymatic activity, (4) the nature of autolysis, (5) inherent concentrations of specific mineral ions, and (6) the suitability of the tissue as a substrate for mineral precipitation. Such parameters control patterns of decay and allow discrete chemical microenvironments to become established within specific tissues or organs. Conditions within these microenvironments can be sufficiently distinct from their surroundings to override other, more general, features of the decay environment. The presence of labile tissues that possess elevated levels of specific mineral ions relevant to mineral authigenesis (e.g., Ca ϩ2 , Fe ϩ2 , or PO 4 Ϫ3 ) is particularly important. Such physical barriers as a recalcitrant confining membrane or a bone can retard microbial infiltration of tissues and organs. Other variables include the presence of compounds with functional groups that are reactive under conditions conducive to mineral authigenesis. Rapid autolysis of certain tissues can provide high local concentrations of specific ions, promoting the precipitation of, and (paradoxically) the definition of soft-tissue features in, authigenic minerals. Undoubtedly, this list is not exhaustive. Greater understanding of these, and other as yet unidentified, constraints upon the genesis of specific chemical microenvironments within carcasses during decay will provide further insight into the nature of taphonomic biases within exceptionally preserved biotas. The ultimate test of the importance of such geochemical microenvironments in controlling exceptional preservation is the extent to which a specific organ or tissue is consistently replicated in the same authigenic mineral phase in taxa of various ages and from different depositional settings.
